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A series of cobalt-base alloys was developed fo r  application t o  ad- 

vanced space power systems where oxidation resis tance i s  not required 

because of the vacuum environment. These al loys were designed t o  reduce - 
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the  possibi l i ty  of s t ruc tura l  deterioration by evaporation of v o l a t i l e  

consti tuents on exposure t o  high temperatures i n  space. 

This a l loy series compares favorably i n  high-temperature strength 

i n  both the cas t  and wrought condition w i t h  the  strongest current cobalt- 

base alloys.  

the  cas t  condition a t  15,000 psi  and B O O o  F i n  a i r  with two of the 

strongest alloys,  Co-25W-lTi-O,4C and Co-25W-lTi-1Zr-O,4C, respectively. 

To date only the  former a l loy  has been stress-rupture tes ted  i n  sheet 

form, and a maximum rupture l i f e  of 100 hours w a s  obtained a t  10,000 ps i  

and 1800° F i n  helium with solution t reated sheet material. 

Average rupture l ives  of 94 and 205 hours were obtained i n  

1 
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The d u c t i l i t y  of these alloys is suff ic ient ly-high t o  suggest that 

+,hey could be fabricated in to  ducting and radiator  components for 

~;'lrboelecl;ric space power systems. 

Co-25W-lTi-1zr-O.4C were readi ly  formed in to  sheet by hot rol l ing.  

MaximUm elongations of 25 and 23 percent, respectively, were obtained 

w i t h  sheet specimens of these alloys i n  room-temperature t ens i l e  t e s t s .  

Both a l loys  C0-25W-lTi4.4C and 
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Although oxidation resistance is not a requirement i n  space-power- 

system applications, 1900' F oxidation t e s t s  indicated that t h i s  a l loy 

se r i e s  has appreciably be t te r  oxidation resistance than unalloyed cobalt. 

These r e su l t s  a s  well  a s  the long l ives  obtained i n  high-temperature 

stress-rupture t e s t s  i n  a i r  indicated that these alloys would require 

only l imited oxidation protection in ground-proof t e s t s  of space system 

components 

INTRODUCTION 

Cobalt-base alloys a re  being used extensively for  many high-strength 

high-temperature applications, and research is under way i n  various 

organizations t o  extend t h e i r  capability. Among the research programs 

tha t  have been conducted with cobalt-base alloys are investigations of 

binary and ternary systems i n  which refractory metals such as tungsten, 

molybdenum, columbium, and tantalum, as well  as  other metals, were 

added t o  a cobalt base (refs. 1 t o  5). These investigations indicated 

that cobalt  - refractory-metal systems have considerable potent ia l  f o r  

achieving high strength a t  high temperature. I n  par t icular ,  the invest i -  

gators of reference 2 showed that the ternary compositions C0-25W-0.25C 

and Co-25W-5Cr had stress-rupture properties which approached those of 

L-605 (HS-25), a strong currently used cobalt-base alloy. 

cobalt  - refractory-metal alloys would not be expectedto have the 

high oxidation resistance of the chromium and aluminum-bearing super- 

a l loys,  there a r e  important space-age applications such as advanced 

Although 

power systems for  space vehicles, where oxidation resistance is not a 

requirement and where the cobalt - reeactory-metal  a l loys could be 

advantageously employed. 
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Turboelectric systems, i n  which nuclear power is converted t o  elec- 

t r i c  power through the medium of a closed thermodynamic cycle, a r e  among 

the most promising systems under development both fo r  propulsion and for  

auxi l iary power i n  space vehicles ( re f ,  6). 

many components, These include the reactor,  radiator,  ducting, and vari- 

ous turbogenerator components, 

t o  meet the design requirements of such a power system, 

Such systems consist  of 

Many materials problems must be overcome 

The ducting and radiator  components pose some of the most c r i t i c a l  

materials problems. 

be readily formed, 

to r ,  the alloys should have adequate strength i n  the as-waded or welded 

and stress-relieved condition, 

The al loys used must be duc t i le  so that they may 

Since welded components are required for  the  radia- 

I n  addition t o  high temperatures, the external surfaces of the 

ducting and the radiator  w i l l  be exposed t o  the vacuum environment of 

space, 

a l loys  that appreciable weight l o s s  is incurred upon heating i n  a rela-  

t i ve ly  low vacuum of 

ture range of i n t e re s t  f o r  turboelectric space power systems, a maximum 

weight loss of 5 percent would be expected with one of these al loys 

after only 18 hours of exposure. Upon long-time (10,000 h r )  exposure 

i n  t h e  much higher vacuum of space, it is conceivable that s t ruc tura l  

degradation of materials could occur a s  a r e su l t  of the lo s s  of highly 

v o l a t i l e  aiioying constituents, Consideration of the evaporative loss  

r a t e s  (ref. 8 )  of various metals indicates that cobalt has a re la t ive ly  

low evaporation rate ,  considerably lager than nickel or iron, The 

re f rac tory  m e t a l s ,  as w e l l  a s  Ti ,  Zr, and C, have s t i l l  lower loss  ra tes .  

It has been shown ( re f .  7 )  with several  current high-temperature 

mm Hg. A t  1740' F, which is i n  the tempera- 
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Although the refractory metals have the lowest evaporation rates, they a r e  

generally d i f f i c u l t  t o  form, require extensive protection against oxidation 

in ground testing, and are expensive. Therefore, as an economical means of 

reducing the danger of material deterioration from evaporation,cobalt-base 

al loys with refractory m e t a l s  as the primary alloying consti tuents would 

appear t o  be promising. 

on the other hand, contain high percentages of chromium and/or aluminum, 

both of which have high evaporation rates. 

Currently available cobalt- and niqlgel-base alloys,  

Tlae in te rna l  surfaces of the radiator and a l l i e d  ducting w i l l  be ex- 

posed t o  the oorrosive action of the heat-transfer and turbine-drive f luids ,  

The severi ty  of corrosi+ w i l l  be direct ly  re la ted t o  the f l u i d  used, which, 

i n  turrqdepends upon the thermodynamic cycle. The f l u i d  can be an ine r t  gas 

such as argon, i n  which case corrosion w i l l  not be a problem. 

be a l iqu id  metal such as mercury or the a l k a l i  metals. 

favored i n  current designs. 

with mercury up t o  1300° F for 1000 hours have s h m  nickel-free cobalt- 

base al loys t o  be superior t o  nickel-base alloys and t o  nickel-bearing 

cobalt-base al loys (lmpubushed data obtained a t  Lewis ), although infer ior  

t o  the refractory metals and iron-base alloys except those containing large 

percentages of soluble elements such as manganese and chromium, 

data f r o m  capsule t e s t s  with potassium a t  1600' F indicate that a cobalt- 

base a l loy  had be t te r  corrosion resistance than a nickel-base a l loy  (ref.  9) .  

Extensive research is s t U  required t o  fully establish the r e l a t ive  

merits of various materials with respect t o  a l k a l i  l iqu id  metal corrosion. 

It can a l so  

Liquid metals a r e  

Extensive corrosion studies made a t  the NASA 

Limited 

The need fo r  good magnetic properties and high strength a t  elevated 

a 
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temperatures i n  genera-bor rotors  consti tutes anotpler major materiah , 

problem, 

e l e c t r i c a l  generators t o  operate a t  1500' F or above. 

In  order not t o  consume energy i n  cooling, it is  desirable fo r  

High magnetic 

permeability is  required t o  obtain e f f ic ien t  e l ec t r i c  power generation, 

High strength i s  needed because of the high ro ta t iona l  s t resses ,  Cobalt 

has the advantage of having a very high Curie temperature (1131' C)> con- 

siderably higher than e i ther  i ron (770' C )  o r  nickel (358' C )  (ref,  10). 

The cobalt - refractory-metal alloys appear t o  have potent ia l  fo r  both 

high Curie temperature and high-temperature strength. 

There are,  therefore, a number of major reasons why cobalt - 
refractory-metal alloys should be investigated fo r  service up t o  2000° F 

i n  advanced space power systems: 

potential ,  ( 2  ) good fabr icabi l i ty  potential, ( 3  ) low evaporation rates ,  

( 4) the advantage of u t i l i z ing  production and fabricat ion capabi l i t ies  

(1) good high temperature strength 

developed over many years fo r  superalloys as  contrasted t o  the re la t ive ly  

new Pefractory-metal fabrication f a c i l i t i e s ,  (5  ) r e l a t ive ly  low cost as 

compared t o  refractory metals, and ( 6 )  potent ia l ly  good magnetic proper- 

t ies  a t  high temperatures. 

Because of the potent ia l  of cqbalt - refractory-metal alloys for  

advanced turboelectric space-power-system applications, an investigation 

was i n i t i a t e d  a t  the NASA L e w i s  Research Center t o  provide improved 

al loys of t h i s  type with good high-temperature strength and suff ic ient  

duc t i l i t y  t o  make sheet, Exploratory m e i t s  ol" a nuiiibei-- uf cobsalt - 
reflractory-metal compositions were made. 

screened by stress-rupture tests a t  1800° F and 15,000 psi. 

Experimental alloys were 

The most 

favorable composition was modified by systematic alloying additions. 

These modified alloys were a l l  evaluated by stress-rupture tesks and 



- 6 -  

by tensile tests a t  room temperature and 1800° F, 

stronger a l loys w a s  investigated by rolling. 

were a l so  made w i t h  the stronger alloys a t  1900' F. 

Workability of the 

Limited oxidation t e s t s  

INVESTIGATIVE PROCEDURE 

Alloys Investigated 

Uti l iz ing the research background made available by other investi-  

gators ( refs .  1 t o  5), t r i a l  melts of various binary and ternary composi- 

t ions that contained refractory metals as the major alloying constituents 

were made, The refractory metals were chosen because of t h e i r  low evapo- 

r a t ion  rates i n  the temperature range of i n t e re s t  (1400' t o  2000' F), 

Figure 1 shows the calculated material loss  i n  inches per 10,009 hours 

i n  vacuum as a f'unction of temperature for several  metals as compiled 

from reference 8, It should be noted that these calculations were made 

for  unalloyed metals and that dilution and other e f fec ts  would undoubt- 

edly occur i n  complex alloys,  

for high-temperature strength and f o r  duc t i l i t y  by stress-rupture tests 

and swaging, 

systematic alloying studies. 

several  cobalt-tungsten alloys w i t h  promising high-temperature strength 

properties i n  reference 2. 

a t i c  additions of two other elements, carbon and zirconium, which have 

extremely low evaporation l o s s  rates.  The quantit ies of the additions 

considered a re  apparent from the l i s t i n g  of the nominal compositions in- 

vestigated ( tab le  I), 

t r ac t ing  from) the pobalt content. 

Samples from the trial m e l t s  were screened 

A ternary alloy, C0-25W-lTi, was selected as the basis fo r  

This al loy was a l so  shown t o  be one of 

The Co-Z5W-lTi aUoy was modified by system- 

A l l  additions wexre made by adjusting (i,e., sub- 
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Purity of Raw Materials 

The pur i t ies  of the alloying elements used, as determined by the 

suppliers, were as follows: 

mement 

co 

T i  

W 

zr 

C 

leight, $ 

99,5+ 

99,3+ 

99,9+ 

99.9-t 

99&+ 

Chemical Analysis 

Randomly selected heats of the compositions investigated were 

chemically amlyzed by an independent laboratory, The resu l t s  of these 

aaalyses axe shown i n  t ab le  I. Same losses in  charging elements, par- 

tLcular3y zirconium, titanium, and carbon, occurred during melting and 

cas'cing, I n  order t o  rninLm5ze such losses, .a i n e r t  gas (argon) cover 

was employed. Although this cover was used over the crucible during 

the en t i r e  heating and m e l t i n g  cycle, it could not be ent i re ly  effect ive 

i n  excluding a i r  from the crucible. A s  might be expected, the carbon 

loss WLT greater a t  the greater concentrati-ons of car'bon, 

for  an addition of 0.60 C an analysis of 0.50 C w a s  reported; fo r  an 

addition of 0.10 C, 0,096 C w a s  reported, 

For example, 

While some loss  of both 

titanium and z i rconim was expected, it was not anticipated that the 

loss  of zirconium would 'be so much greater than that of titanium. The 

greater  negative free energy of f o m t i o a  value f o r  zirconium oxide 

compared t o  that of titanium oxide may explain this greater loss of 

zirconium. 
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Casting and Inspection Techniques 

The casting procedure was similar t o  that used in  nickel-base al-  

loying s tudies  made a t  the NASA and is  described i n  detail i n  references 3.3. 

and 12, B r i e f l y ,  a 50-kw, 10,000-cps water-cooled induction uni t  was used 

i n  m e l t i n g .  

blanket of c m w c i a l l y  pure argon, 

cobalt, ground tungsten rod, sponge titanium and zirconium, and carbon 

b h c k  which had previously been compressed in to  briquettes. Pouring tem-  

perature, which was measured with an opt ica l  pyrometer, w a s  2950° f50° F. 

All castings w e r e  s t a t i c a l l y  poured without i n e r t  gas protection b t o  

s i l i c a  investment molds  heated t o  1600' F, The molds were alloved t o  

cool t o  room temperature before the investment was removed, 

A l l  melts were made i n  s tabi l ized zj,rconia crucibles under a 

The charges consisted of e lectrolyt ic  

The l o s t  wax process was used t o  make molds of stress-rupture and 

tensile t e s t  bars as w e l l  as the blanks used for workability studies. 

The stress-rupture and tensile bars had conical shoulders and a gage 
3 section 1/4 inch i n  diameter and 1- inches long. 8 

workability tests were rounds nominally 1/2 inch i n  diameter and 3 inches 

long, 

spected e i ther  w i t h  fluorescent penetrant dye or visually a t  a magnifi- 

cat ion of 10, 

The blanks used f o r  

A l l  test bars and blanks were radiographed. They were then in- 

Stress-Rupture and Tensile Tests 

Tables I1 and 111 show the alLoys asd conditions of tes t ing  fo r  the 

Cast specimens of a l l  al loys were run i n  air ,  and stress-rupture t e s t s ,  

some of the cast  a n o y s  were 00 tested i n  dried commercially pure he- 

lium a t  atmospheric pressuffe. All sheet specimens were solution treated 

and were tes ted i n  helium i n  order to  prevent excessive lo s s  of metallic 

I 



- 9 -  

specimen cross section i n  long-time tests, This was copsidered desirable 

for the thin (0,050-in,) sheet spechens employed, 

Tables IV and V show the alloys and conditions of tes t ing  fo r  the 

tensile tes t s .  All t ens i l e  tests were r u n  i n  air. Because of the short  

duration of these tests, it w a s  not considered necessary t o  provide an 

i n e r t  gas atmosphere. 

Workability 

The workability of the stronger a l loys w a s  investigated by making 

sheet from investment cas t  bars and by t ens i l e  tests of the sheet. 

progressive steps i n  making sheet from investment cas t  blanks of a l loy  

C0-25w-lTi-O,4C are shown i n  f igure 2, Cast nominally 1/2-isch romds 

The 

w e r e  heated i n  a i r  t o  2150' F and swaged t o  a diameter of 0,430 inch. 

Four successively smaller dies llaving openings of 0.538, 0.492, 0.460, 

and 0,430 inch were used. The swaged bars w e r e  subsequently ro l led  t o  

s q m e s  approximately 0.360 inch on an edge. These rough squares were 

then hot ro l led  t o  sheet approximately 0.060 inch thick. 

heated t o  2150' F between each pass and the reduction per pass w a s  about 

0,030 inch, 

The stock w a s  

A similar procedwe was  used far mak- sheet from a l loy  

Co-25W-~i-1zr-O,4C, 

a s  the  i n i t i a l  step, 

i n  a mechanical press XO a thickness of 1/4 inch. 

procedure w a s  the same. 

and hot rol led t o  0,060 inch s t r ips ,  using reductions of approximately 

0.030 inch per pass, 

However, hot pressing w a s  substi tuted for  swaging 

The 1/2-inch cas t  rounds were pressed a t  2 l S O 0  F 

From t h i s  point the 

The flat bars were heated t o  2150' F in  a i r  

Sheet s t r i p s  of roughly 5/8 by 0,060 inch w e r e  obtained. Tensile 
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specimens having a test  section 1 inch long by 0,175 inch by 0,050 inch 

were machined from these s t r ip s ,  

Ofidation Tests 

Tes t  samples fo r  oxidation tests consisted of ground cylinders 

0.225 inch i n  diameter by 0.875 inch long. 

20-cubic-foot resistance furnace, In the furnace the samples were sus- 

pended by platinum w i r e s  from alumina rods supportefl by an Inconel fix- 

Tests were conducted i n  a 

ture. 

Furnace temperature was maintained a t  1900' F, and test specimens were 

weighed before and a f t e r  furnace exposure, The materials investigated 

were tes ted simultaneously, and samples of each w e r e  removed after 50, 

100, and 200 hours. Upon removal from the furnace, the specimens were 

hung i n  covered glass containers t o  catch any spall that might come off 

during cooling. A f t e r  cooling, both specimens and spa=, if  any, were 

weighed t o  determine weight gain. 

The platinum w i r e s  were spot welded t o  one end of the cylinders. 

Metallographic and X-ray Studies 

Metallographic studies were made of selected al loys i n  both the 

as-cast and worked conditions and a f t e r  oxidation tes t s .  

a t  magnifications of 150, 250, and 750 a re  presented, 

Photomicrographs 

As X-y determination was made of the matrix structure.  Bulk 

specimens rather  than f i l i n g s  were used t o  avoid the possibi l i ty  of 

mechanically causing phase transformations i n  the samples. 

is obviously not the idea l  technique f o r  identifying minor phases, Liz- 

i ted data were obtaiozd by this procedure, An X-ray tube w i t h  a cobalt 

t a rge t  and a geiger counter recording diffYactometer were used in  this 

work. 

Although t h i s  



ALLOY EVALUATION RESULTS 

Stress-Rupture Data 

The results of as-cast stress-rupture tests are l i s t e d  i n  tab le  11, 

The ef fec ts  of nominal carbon additions t o  a l loy  Go-23-1Ti on stress- 

rupture l i f e  a t  L5,OOO p s i  and B O O o  F in  the  as-cast condition are 

shown i n  figure 3, Data were obtained i n  helium a s  wel l  as i n  air. 

Straight l i nes  connect the average l i fe  values obtained w i t h  each alloy. 

Additions of carbon of 0.3 t o  0-5 percent resulted i n  the greatest in- 

creases i n  l i fe ,  

proximately 12 hours far the zero-carbon a l loy  t o  160 hours for the 

0.5-percent-carbon a l loy  (fig. 3). In  helium average rupture l i f e  ' 3  

w a s  increased even more, f'rom approximately 4 hours f o r  the zero-carbon 

a l loy  t o  190 hours for the  0.4-percent-carbon a l loy  (fig. 3 ) -  %xi- . 

mum rupture l ives  greater than 200 hours were obtained both i n  a i r  and 

i n  helium as a result of carbon additions. 

these aWoys i n  a i r  made it a p p r e n t  that a valid stress-rupture evalu- 

a t ion  of the  cas t  a l loys Is this se r i e s  could be obtained without the 

I n  air, average rupture l i f e  was  increased from ap- 

The long l i ves  obtained w i t h  

use of an i n e r t  atmosphere. 

Co-25W-1Ti-O.4C alloy was selected for fur ther  investigation because 

of its high stress-rupture properties and its excellent workability 

w h i c h  w i l l  be discussed later, 

O f  the  several  carbon-modified al loys,  the 

The ef fec ts  of nominal zirconium additions on the rupture l i f e  

iii air a t  15,000 p s i  and 1800" F of as-cast a l loy  C0-25W-lTi-0.4C a re  

shown i n  f igure 4, 

average rupture l i f e  values obtained with each alloy. 

well defined peak value, 

Again, straight lines w e r e  drawn between the 

There i s  no 

The average stress-rupture l i f e  was increased 
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from 94 t o  205 hours and a maxhum l i f e  of 355 hours was obtained by 

making zirconium additions. 

Figure 5 compares the stress-rupture properties i n  a i r  of two alloys,  

Co-2W-lTi-O,4C and Co-25W-l.Ti-IZr-O,4C, in  the  as-cast condition, w i t h  

several  of the strongest current cast cobalt-base alloys. 

a l loy data were obtained from reference 13 and fkom Haynes S t e l U t e  data 

sheets. 

the Co-W alloys of this investigation against oxidation by coatings, the 

l i ves  of these alloys in air compaze favorably with those of Stellite-31, 

WI-52, and Sierra  a l loy 302, 

resistance from Large amounts of chromium, 25, 21, and 22 percent, 

respectively, which are present as alloying constituents, 

The commerclzl 

It is evident that, even though no attempts were made t o  protect 

The l a t t e r  three al loys achieve oxidation 

To provide an indication of the capabili ty of the Co-W alloys fo r  

long-time serviae a t  s t r e s s  levels  comparable t o  those expected i n  ad- 

vanced space puwer system ducting applications, limited stress-rupture 

tests a r e  beiag conducted i n  helium a t  5000 psi. Over 7000 hours have 

been accumulated t o  date on a test b a r  of a l loy  C0-25W-lTi-0.4C a t  

B O O o  F a t  this stress, 

test  equipment and the length of time involved, only a f e w  such runs 

a re  being made, 

Because of obvious l imitations with respect t o  

Table I11 summarizes the stress-rupture data obtained *om sheet 

material. A comparison of the stress-rupture properties of solution- 

t rea ted  sheet of a l loy  Co-25W-lTi-O.4C and of two current cobalt-base 

sheet alloys, L-605 (Hs-25) and J-1650, is  presented in figure 6. 

Co-W alloys were tes ted i n  helium. The commercial a l loy data fYom 

reference 13 and Haynes S t e l l i t e  Data Sheets w e r e  obtained in air ,  

The 
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Although only limited data have been obtained w i t h  the Co-W al loys t o  

date, these data compare favorably with data for the commercia1aUoy-s. 

Solution treatments w e r e  the only heat treatments attempted w i t h  the 

Co-W al loys* 

sui table  aging or combinations of working and aging treatmentsr Further 

investigation is requirtsd in order t o  devebp sa t i s fac tory  procedures of 

this ty-pe, 

It is probable that the properties could be improved by 

Tensile and Hardness D a t a  

TenSUe t e s t  data of as-cast a l loys a r e  summarized i n  table N, 

The effect  of nominal carbon additions on the t ens i l e  properties of cas t  

a l loy  c0-25W-lTi a t  room temperature and BOOo F is shown i n  figure 7 ,  

Straight  l ines  were drawn through the average strength and duc t i l i t y  

values obtained w i t h  each all,oy. A t  room temperature ( f i g r  7 ( a ) )  an 

apparent minimum in strength occurred a t  a 0.1-percent nominal carbon 

content, 

f o r  the zero-carbon a l loy  t o  78,000 p s i  f o r  the 0.1-percent-carbon al loy,  

A s  carbon content w a s  fur ther  increased, u l t i na t e  strength gradually in- 

creased t o  an average value of 105,000 p s i  a t  a 0.6-percent nominal 

carbon content. 

had less strength than any of the carbon-modified alloys.  

average ultimate tensile strength of 44,500 p s i  was obtained w i t h  a l loy  

Co-25W-~i-O,4C, 

the strongest carbon-modified alloys on the basis of stress-rupture 

tests ( f ig .  3) A s  might be expected, the duc t i l i t y  of' the carbon- 

modified alkoys generally followed a trend opposite t o  that of tensile 

strength,  although considerable sca t te r  in data tends t o  obscure this 

Ultimate strength decreased from an average value of 107,300 p s i  

A t  18W0 F (f ig .  7(b) )  the zero-carbon-content a l loy  

The highest 

It w i l l  be recalled t h a t  this a l loy  a l s o  w a s  one of 
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effect.  

a great  deal of i ts  strength a t  U0Oo F, For example comFrison of the 

average ultimate t ens i l e  strength of alloy Co-25W-lTi-0.4C a t  room tern- 

pera twe and a t  1800' F indicates that i ts  strength a t  the l a t t e r  tern- 

perature is approximately 46 percent of i t s  room-temperature strength, 

Elongations of 6 and 12 percent a t  room temperature and 1800' F, re- 

spectively, were obtained with a l loy  Co-Z5W-lTi-O,4C. Its duc t i l i t y  

was suf f ic ien t  s o  that it could be formed in to  sheet. 

It is interest ing t o  note that a l loy  Co-25W-lTi-0.4C retained 

Table V presents data for  sheet material,, I n  the ro l l ed  condition 

a maximum room-temperature ultimate strength of 209,800 ps i  and a 

25-percent elongation were obtained with this al loy,  Strength aqd 

d u c t i l i t y  i n  the annealed condition were a l so  high both f o r  a l loy  

Co-25W-lTi-O.4C and for the strongest (on the basis of hot tens i le  

t e s t s )  zirconium-modified al loy Co-25W-lTi-1Zp-O,4C. 

mum ultimate strengths of 37,600 and 38,400 p s i  as w e l l  a s  E- and 22- 

percent elongations, respectively, were obtained w i t h  these alloys. 

A t  X300° F, maxi- 

Hardnesa data a re  summarized i n  table  V I .  Listed values represent 

Hardness an average of three or  more readings f o r  each specimen. 

generally increased with increasing car'bon content, ranging from 

Rockwell C-27.5 f o r  a l loy  Co-2%-1Ti t o  C-34 fo r  a l loy  Co-25W-lTi-O,6C. 

The maximum Rockwell hardness of alloys C0-25W-lTi-O,4c: and Co-2%- 

lTi-LZr-O.4C was C-48 and w a s  obtained i n  the as-rolled condition. 

A T t e r  a 2400" F solution treatment, both al loys had a hardness of 

approximately C-28, By rais ing the solution t reat ing temperatures t o  

2475' F, the hardness of aUoy Co-25W-lTi-O,4C was reduced t o  C-17, 

n 
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Workability 

One of the strongest carbon-modified a-ys, a l loy  Co-25W-ITi-O,4C, 

was  readily formed i n t o  sheet. 

alloy was a l s o  investigated, and it too was readi ly  formed in to  sheet, 

A s  described previously, the i n i t i a l  s t ep  i n  working w a s  t o  swage cast 

bars, 

swaging, 

Cracking w a s  more pronounced w i t h  increased zirconium content, 

tu t ing  hot pressing for swaging as the in i t ia l  working step,  these 

aUoys were a l so  read3.l.y made f i t 0  sheet, 

required t o  remove edge cracking which occurred during ro l l ing  w i t h  the 

zirconium-tnodified alloys, w h e r e a s  the a l loys  without z i r c o n i a  were 

almost en t i re ly  @e& from edge cracking and did not require dressing, 

In  room-temperature t ens i l e  tes ts ,  elongations up t o  35, 25, 

The workability of the 0.2 carbon-modified 

No  cracks were observed in e i ther  of these alloy@ after the 

However, the says containing zirconium cracked during swagixg, 

By substi-  

Dressing was occasional& 

and 2 3  percent w e r e  obtained w i t h  sheet specimens of a l loys C0-25W-lTi-0.2C, 

Co-25W-3.TI-0,4C9 and Co-25W-Ui-lZc-O,4C, respectively ( tab le  V 1. 

eleongations indicate that flwther forming operations are possible with 

these alloys,  

components and ducting i n  advanced space-power-system applications, 

Oxidation D a t a  

These 

This is, of coupse, necessary f o r  fabr icat ion of radiator  

The results of oxidation tests a re  shown i n  figure 8, Weight gain 

iD.  a i r  a t  1900' F is plotted against time of exposure, ADYS 

Co-25W-ITi-O.4C and Co-25W-Ui-1zr-O,4C show a h o s t  the same weight 

gain, apSox&nately U O  w/sq cm a f t e r  209 hours. 

b e t t e r  oxidation resis tance than unaE.oyed cobalt, which showed a 

w e i g h t  gain of 153 mg/sq en after 200 hours. 

Both al loys had 

For comparison, specimens n 
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of WI-52, a current cast  cobalt-base alboy, were simultaneously tested. 

Because ob the  high (22. percent) chromium content of WI-52 ( t ab le  I), it 

would be expected that this a l loy  would have substant ia l ly  superior 0x3,- 

dation resis tance t o  the Go-W alloys which contain nu chromium, 

r e su l t s  show thls t o  be the caser 

The test 

It should be coted fYom these t e s t s  that the oxidation of the 

Co-W al loys of this investigation was cer ta inly not catastrophic, 

was a l so  evident *om the stress-rupture t e s t  resu l t s ,  which showed rup- 

ture  l i ves  as high a s  355 hours a t  U0Oo F and 15,000 ps i  i n  a i r  for 

a l loy  C0-25W-l..Ti-2Zr-0,4€!. 

of these al loys followed an almost parabolic r a t e  law. 

expected fpom the tightly adherent oxide scale  present a f t e r  the test. 

Cracking of the oxide scale  occurred only i n  a few samples upon cooling 

from the t e s t  temperature, but spaLling occurred only with the WI-52 

a l loy  t e s t  samples. 

i t e d  protection against oxidation would be required i n  ground-proof 

tests of space-system components made from these aUoys, 

t i ve ly  inexpensive f a c i l i t i e s  such as inert-gas chambers might be used 

r a t h m  than ultra-high vacuum f a c i l i t i e s  

This 

Figure 8 a l s o  indicates that the oxidation 

This would be 

The r e su l t s  of these t e s t s  suggest that only lim- 

Thus, re la -  

Metallographic Studies 

Figure 9 presents photomicrographs of a l loy  C0-25W-lTi and various 

carbon modifications of t h i s  a m y  a t  a 5 0  and X750, 

carbon additions on microstructure are evident, 

noted i s  the increase in the number and s i z e  of the carbide par t ic les  

with increasing carbon contellto 

The ef fec ts  of 

A major feature t o  be 

These appear as a noncontinuous in te r -  
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dendrit ic carbide network which is particularly obvious i n  the 0.4C 

modified a l loy  (fig, 9( e ) )  .L 

as ih a&y Co-25W-Ui (0,022 percent carbon by chemical analysis), there 

were a Umited number of i d i o m p u c  microconstituents, probably T i c  

o r  TiCN, present. 

&en when EO carbon was intentionally added 

A Widmaw6tten s t ructure  was observed, par t icular ly  i n  the range 

of lntermediate carbon additions (figs,  9(b) and ( c ) ) ,  

with a similar appearance was ident i f ied (ref .  1) as W2C07 precipi ta te  i n  

a matrix of j3 

heated f o r  50 hours a t  1832' F, 

WC03 by l a t e r  investigators (ref, 14), 

centered cubic so l id  solution is designated as a. ra ther  than as j3 

(ref. 14)- 

st ructure  found fa a C.o-25W binary al loy aged for 256 hours a t  1652' F 

as VidmansStten E''* 

A microconstituent 

face-centered cubic so l id  solution i n  the al loy Co-35W, 

The phase W2C07 has been ident i f ied as 

I n  current notation the face- 

The investigators of reference 2 referred t o  a similar 

Figure 10 shows photomicrographs ( a 5 0  and X750) of the as-cast 

There is not evidence of a Widmanstiitten 

The appearance of the interdendrit ic carbide network has 

a l loy  Go-25w-lTi-lZr-O,4. 

structure,  

been modified by the addition of zirconium, 

Photomicrographs a t  X250 and X750 of a l loy  C0-25W-lTi-0.4C a f t e r  

working a re  shorn i n  figuPe 11, 

about by ro l l i ng  a t  2150' F axe apparent from figure U(a)  

microconstituents have been stringa-eci by tiie wx-ki-iig g-ozess aiid t h s x  

i s  evfdence of twinning, 

The changes In microstructure brought 

The 

Figure U ( b )  shows the ro l led  a l loy  a f t e r  a 16-hour solution heat 

treatmen+ a t  2409O F. This heat treatment dissolved v i r tua l ly  a l l  of 
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the minor phases, although some of the carbonitrides were nqt dissolved, 

Some etch p i t s ,  which a r e  s i m i l a r  i n  appearance t o  carbides, a r e  present 

i n  the specimen, 

during etching, without success, 

Numerous attempts were made t o  avoid the i r  formation 

The microstructures of both al loy Co-25W-lTi-O,4C and C0-25W-lTi-lZr-O.4C 

after a 50-hour oxidation t e s t  a t  1900' F a r e  sham i n  figure 1 2  a t  X150, 

The oxide scale  is divided into tbree layers i n  both alloys. This oxide 

scale  i s  believed t o  be COO, the s table  oxide a t  the test temperature of 

1900° F (ref,  14), 

layers may mark the or iginal  specimen surface. 

boundaries are discernible i n  the outer oxide Layer, par t icular ly  i n  

a l loy  Co-25w-lTi-O,4C, 

i s  apparent within the m e t a l  matrix along the metal-oxide interface,  

X-ray Determination 

The in€&rfaee between the outer and middle oxide 

What appear t o  be grain 

I n  both alloys a th in  internal ly  oxidized zone 

Samples from cas t  a l loy  Co-25W-lTi-0,G before and after s t ress -  

rupture tes t ing,  as w e l l  a s  from solution t reated Co-25w-lTi-O.2C a l loy  

sheet, were examined. 

face-centered cubic solid solution of a Coo 

the intermetal l ic  compound CosW w a s  noted i n  the as-cast 0.4 carbon- 

modified alloys,  while none w a s  detected i n  the solution-treated sheet. 

Only l i m i t e d  evidence of the presence of the 

f o r  a l l  the samples,, 

carbides, although their  peser,ec w o u l d  be expected. 

I n  a l l  the samples the matrix was shown t o  be a 

The possible presence of 

E Co phase was obtained 

There was no clear evidence of the Ml type of 

CONCLUDING REMARKS 

Altbough much additiorA1 information must be obtained i n  order t o  

describe fuUy the properties of this a l loy  ser ies ,  the data presented 

indicate  tha t  it has considerable potential  for  turboelectric s p c e -  
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power-system applications, 

pressure alloying comti tuents ,  they a r e  inherently more r e s i s t an t  t o  

evaporation i n  a space environment than superalloys that contain chromium 

and aluminum, 

loys compares favorably with current cobalt-base alloys,  The Co-W al loys 

a l so  have been shown t o  have excellent workability, 

a b i l i t y  t o  withstand corrosion by the heat-transfer f luids ,  these al loys 

appear a t t r ac t ive  for  ducting and turbine components of turboelectric 

space power systems- The combination of potent ia l  high Curie temperature 

and high-temperature strength makes this  al loy system a l so  appear a t t r ac -  

t i v e  for  e l e c t r i c a l  generatirg components of these systems. 

Because the al loys contain only low-vapor- 

The excellent high-temperature strength of these Co-W al- 

Subject t o  their  

I n  order t o  exploit  the potential  of these alloys, it is suggested 

that addi t ional  research be conducted, I n  particular,  addi t ional  long-  

and short-time strength data i n  high vacuum as well  as i n  helium must be 

obtained for  sheet material, and weldabiiity as well  a s  possible e f fec ts  

of welding upon sheet properties investigated, The poss ib i l i ty  of em- 

bri t t lement caused by long-time use a t  high temperatures should be in- 

vestigated, A l s o ,  the potent ia l  benefits of heat treatment or  combined 

working and heat treatment on strength should be explored. 

t o  a l k a l i  metal corrosion above 1300' F must be investigated more fully, 

and protective coatings should be considered as  a means of extending the 

use of these al loys t o  service i n  a i r ,  Finally, the magnetic properties 

a t  high temperatures should be determined, i n  order t o  evaluate tnese 

a l loys  for appl icabi l i ty  t o  the e l ec t r i ca l  generating equipment, 

of these areas, additional alloying approach.es should be comxidered t o  

optimize material  properties, 

Resistance 

In all 
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SUMMARY OFRESULTS 

The following major r e su l t s  were obtained from an investigation t o  

provide cobalt-base al loys for application t o  advanced turboelectric 

space power systems: 

1, A ser ies  of cobalt-base alloys was developed which u t i l i zed  only 

elements with extremely low evaporative loss  r a t e s  as alloying consti tu- 

ents i n  order t o  minimize possible s t ruc tura l  deterioration by evapora- 

t i on  of vo la t i l e  constituents i n  space applicationso 

2 ,  This a l loy ser ies  compares favorably i n  high-temperature strength 

i n  both the as-cast and wrought condition with the strongest current 

cobalt-base alloys., 

obtained i n  the cas t  condition a t  15,000 ps i  and 1800° F i n  air  with 

two of the  strongest alloys, Co-25W-bTi-O,4C and C0-25W-lTi-lZr-O,4C, 

respectively, A maximum rupture l i f e  of 100 hours was obtained a t  

10,000 ps i  and 1800° F i n  helium with solution-treated sheet made from 

the  former al loy,  

Average rupture l i ves  of 94 and 205 hours were 

3 ,  The strongest high-temperature alloys i n  t h i s  series, Co-2%- 

1Ti-O04C and Co-2%-1Ti-1zr-O,4G, were readi ly  formed in to  sheet by hot 

ro l l ing ,  Maximum elongations of 25 and 23  percent, respectively, were 

obtained i n  room-temperature tensi le  tests with sheet specimens of these 

alloys.  

and radiator  components for  advanced turboelectr ic  space power systems, 

This suggests that these alloys could be fabricated in to  ducting 

4. Although oxidation resistance i s  not a requirement i n  space- 

power-system application, oxidation tests a t  1900' F indicate tha t  these 

a l loys  have considerably be t te r  oxidation resis tance than unalloyed 

cobalt ,  These resu l t s ,  a s  well  a s  long-time stress-rupture tests i n  
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air, suggest that only limited oxidation protection would be required i n  

ground-proof t e s t s  of space-system components made f'rom these alloys. 
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TABLE I* N X O Y  COMPOSITIONS 

(a) Al loys investigated 

AUoy 

~~ __ 

C 0-25W-1Ti 

Co-25W-lTi-O.lC 

C0-25W-lTi-0.2C 

Co-25W-lTi-O.3C 

C0-25W-lTi-0.4C 

C0-25W-lTi-0.5C 

Co-2s-1Ti-0 06C 

CO-~W-LT~-O,~~.ZX'-O,~C 

co-25w-l!r1.-1zr-0.4c 

Co-25W-1Ti-le5Zr-0, 4C 

Co-2%-1Ti -2Zr-O,4C 

A c t m i l  composition of 
typical heats, weight $I 

CO 

74,31 

72.66 

72.62 

72-43 

72 a83 

Bal 0 

1 
W 

24,95 

26,41 

26,05 

26 , 42 

25 a 8 4  

24,19 

24-24 

24,97 

24,18 

24-97 

25 . 00 

- 
Ti 

0.54 

.85 

D 90 

92 

e 98 

' 99 

1,06 

a 91 

1-17 

, 96 

0 97 

(b) Commercial alloys (data from ref, W) 

WI-52 

L-605 (HS 25) 

HS 31 

5-1650 

SM 302 

C 

0.022 

,096 

17 

,286 

,334 

44 

30 

.34 

. 42 
45 

0 43 

Nominal composition, weight $ I 

t 4 0.02 L 0 005 

A 
aNot detectable or less than 0,Ol 
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TABLE 11, - SUIVXRY OF AS-CAST STRESS-RUPTURE DATA 

A l l o y  . 

Co-25W-lTi, : 
I 1 

Co-25W-lTi-0,lC 
C o -25-1Ti-0.22 

C 0-2%-mi-0 o 3C 
I 

Ti-0.4C 

Test ;  
@mpera-tur e, 

OF 

18 00 
1800 

18 00 I 
1800 I 

El , 030 

1 
El , 000 
3.5 , 000 

3.5 , 000 

i 
I 3-5 , 000 

25,000 
15 , 000 
17,500 
17 , 500 
22,500 
22 , 500 
10,000 
PO, 000 
15 , 000 

1 
17,500 
17 , 500 
2C),OOO 
20,000 
15 , 000 

5,000 1 

2tmos- 
phere 

3ellun 
3eliun: 

I 
A i r  

Heliun 

- 
A 

He Lur 

Life, 
hr 

9,*3 
15 08 
2 -8 
5,4 

g07 
16.8 

13,6 

16,6 
U4-1 
58 -5 
123 
22.5 
33.2 

22 03 

25.5 
U6.7 
174.9 
39.2 
ll5,6 
86.8 
25.2 
207.3 

734 e 8  
544-3 
104,8 
108.5 
38.4 

595 -2 
746.6 
109.0 
78 -9 
98.6 
89.2 
26,7 
3003 
7.7 

26,5 
179-4 
150.3 
239.2 

70r?Q+ 

57 s 1  

19407 



- 25 - 

WLE 11, - Concluded, SUMMARY OF AS-CAST STRESS-RUPTURE DATA 

Co-ZSFT-?llli-O ,5C 1 Co-25W-lTi-0.6C 

Test 
temperature, 

OF 

B O O  I 
18 00 
1800 

1 
18 00 
18 00 

18 00 
1800 

Stress, 
P s i  

L5,ooo 

1 15 ;ooo 

L 15 000 

15,000 

15 

20 

500 

000 

r 

008 
20,000 

15,000 
l5,ooo 

15,000 
15 ,000 

Atmos- 
phere 

A i r  
A i r  

Heliw 

1 
AT 

H e l i u u  

_L Ail :  

A i r  

1 A i r  A i r  

A i r  
A i r  

Life, 
hr 

94-7 
226.8 
130-8 
132.3 
214 
116 -8 

6 2 , l  
34,7 
48.7 
63 
55.1 

l l 6 . 5  
107  o 7 

l 6 L 2  
478 08 
2&,6 
355.1 
LL8.5 
209.6 
210 7 
l29-6  
12 -2 
26 ,l 

l 8 0 , O  
l54.0 

258 -8 
127.5 
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Condftion 

(a 1 

Alloy T e s t  
temper- 
ature, 
OF 

7,500 
10,000 
10,000 
15,000 
15,000 

10,000 
15,000 
15,000 

Stress, Ataos- L i f e ,  

~ 

Helium 53,4 
30.9 
47.8 
7r7 
6.7 

10.3 
H e l f u m  1 O O b 4  

1 
% o h t i o n  treatments performed i n  apgon, followed by water quench. 
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TABU3 N. - SUMMARY OF AS-CAST TEMSIIX DATA 

Alloy 

Co-25W-1Ti 
Co-25W-lTi 
Co-2%-1Ti 
Co-2%-LTi-0.1C 
C 0- 25W - l T i  -0.X 
C0-25W-lTi-0.2C 
Co-25W-lTi-O,3C 
Co-25W-lTi-0.3C 

Co-25W-lTi-0.4C 
C0-25W-lTi-0.4C 
Co-2%-lTi-OI6C 
Co-25W-lTi-O.6C 
Co-25W-lTi-O,2C 
Co-25W-lTi-O,2C 
C 0-25W-1Ti-0 d 3 C  
Co-2%-1Ti-O,3C 
Co-25W-lTi-O&X 
C0-25W-lTi-0.4C 
Co-25W-lTi-O,4C 
Co-25W-lTi-O,6C 
Co-25W-lTi-O.6C 

CO-25W-1Ti-0 ,4C 

~ ~ _ _ _ _ _ _ _ _ _ ~  

Test 
;emperatwe , 

OF 

Room 
Room 
18 00 
Room 
Room I 

Yield 
5 tr eng t h  , 

p s i  

Jltimate 
t ens i l e  

strength, 
p s i  

~~ ~~ 

114,600 

36,600 
78 , 100 
86 , 500 
8 9,000 
96 , 500 
99,500 

104,500 
86,700 
99,800 
96,200 

39,600 
37 , 100 

39,200 

44,500 

39,800 
36 , 700 

100, 000 

ll4,ooo 

45, 000 

45 , 100 

45 , 000 

Elonga- 
t ion,  $ 

23 
22 
17 
8 
6 
7 
4.7 
4.7 
7 .O 
6.9 
4.7 
2 -3 
4.7 

16.4 

10.9 
10.9 
11 

1 4  
14-1 
10.9 

---- 

---- 

Reduction 
in  area, k 

1 9  
26-8 
18.6 
14.8 

9 -8 
9.3 
8.5 
6.2 
8 -5 
12 08 
5 07 
8 -4 
11.0 
17 -8 
30.7 
14*9 
12 09 

9 -1 
18.6 
19 -4 

7 -8 
21.5 



i: 0-23-lTi- 0 4C 

~~ 

2 0-25W-lTi-lZr- Q,4C 
20-2%-1Ti-lZr-0.44 
20-25w-lTi-Lzr-O,4C 
20-25W-lTi-lZr-0.4C 
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TABLE V. - SUMMAliy OB SKEET TE3TSIlX DAW 

. 

Condition 

(4 
STsZ400° F, 16 hr 
STz2400° F, 16 hr 

Test 
tmm- 
OF 

Room 
Room 

As-rolled 
As-rolled 

ST:2475O F, 16 hr 
ST:2475O F, 16 hr 
STr2400°,F, 16 hr 

S9?tz4OO0 F, 16 hr 

1 
18 00 
J.8 00 

Room 
Room 
18 00 
18 00 

Yield 
strergth, 

Psi 

81,500 
85,200 

Ultimate 
tensile, 
strength, 

psi 

154,500 
161,000 

E h n g a -  
tion, 4 

30 
35 

130,400 
143,500 
65,000 
60,200 
75,800 
77,900 ------- ----_-- 

199,000 
2 09,800 
115,500 
96,500 
139,000 
149,500 
37,600 
32,000 

150,300 
143,750 
38,100 
38,400 

20.3 
25.0 
13 -3 
L5 06 
20-3 
20.3 
15 
16 

23 
18 
17 
22 
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Figure 1. - Material  l o s s  i n  vacuum as a funct ion of temperature 

f o r  s eve ra l  metals.  
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Figure 3. - Effect of carbon additions on rupture l i f e  
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t ab le  I f o r  chemical analysis of alloys.) 
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Figure 8.0- Weight ga in  p e r  uni t  area as a funct ion of t i m e  i n  a i r  
at 1900 F .  
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(a) Alloy Co-25W-1Ti. 

F igure  9 .  - Effec t  of carbon a d d i t i o n s  on t h e  as -cas t  m i -  
c r o s t r u c t u r e  of t h e  a l l o y  Co-25W-lTi. 
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(b)  Al loy  Co-25W-lTi-0.2C. 

Figure 9.  - Continued. Effect  of carbon a d d i t i o n s  on t h e  
a s - c a s t  micros t ruc ture  of t h e  a l l o y  Co-25W-1Ti. 
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Figure 9 .  - Continued. Effect of carbon addi t ions on t h e  
as -cas t  microstructure of t h e  a l loy  Co-25W-1Ti. 
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(a) Alloy Co-25W-lTi-0.6C. 

Figure 9. - Concluded. Effect of carbon additions on the 
as-cast microstructure of the alloy Co-25W-lTi. 
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Figure 10. - As-cast microstructure of a l l o y  Co-25W-1Ti- 
1Zr-0.4C. 
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(a) AS r o l l e d .  

Figure 11. - Microstructure of a l loy  Co-25W-lTi-0.4C 
sheet ,  longi tudinal  sect ion.  
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(b) Solution t r ea t ed  a t  2400' F.  

Figure 11. - Concluded. Microstructure of a l l o y  co-25W- 
1Ti-0.4C sheet ,  longi tudinal  sec t ion .  
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(b) Co-25W-lTi-lZr-0.4C. 

Figure 12. - Microstructure of u x i k t i s n  t es *  specimens i n  
vicinity of exposed surface after 50 hours of exposure 
at  1900~ F. 
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